Shaping of otherwise powdery metal-organic frameworks is recognized as a more-and-more important issue to advance them to the application stage. Monolithic MOF composites were synthesized using micro-to-mesoporous MIL-100(Fe,Cr) and MIL-101(Cr) as thermally and There is no loss of BET surface area, porosity and water uptake capacity especially for the MIL-101(Cr) composites. Water vapor adsorption isotherms show that the 77 wt% MIL-101(Cr) loaded composite even features a slightly increased water vapor uptake compared to pure MIL-101(Cr) up to a relative vapor pressure of P•P 0 -1 = 0.5. These hydrophilic monolithic composites could be applied for heat transformation application such as thermally driven adsorption chillers or adsorption heat pumps.
Introduction
MOFs (metal-organic framework) are potentially porous coordination networks based on metal ions or metal clusters, connected by organic ligands [1] . Metal organic frameworks are often three-dimensional networks and have uniform micropore structures with high surface areas and large pore volumes. Research tries to advance MOFs towards applications [2, 3] , such as catalysis [4, 5, 6] , gas storage [7, 8, 9] and gas separation [10, 11, 12, 13] . Many review articles are evidence to the increasing interest in MOF chemistry over the last years [14, 15, 16, 17, 18] .
Recently, MOFs are investigated as microporous materials for cycling water sorption for heat transformation: During hot seasons in large part of cities energy consumption caused by electric air-conditioning represents 30 to 50 % of total electric energy consumed [19] .
Therefore it would be beneficial to use a cooling system based on adsorption chilling running on solar thermal energy. In this context sorption-based heat transformations attracted growing interest during the last years [20, 21, 22, 23] .
A schematic diagram of a thermally driven adsorption chiller or adsorption heat pump is depicted in Figure 1 . Bed 1 and Bed 2 contain the porous (MOF-) material in combination with a heat exchange device and are switched between the working and regeneration cycle. ) either useful cold is generated for the cooling application or it is the low-temperature heat (blue) which is converted to medium temperature levels (green) by means of the driving heat of desorption Q in drive,des (red) . When the water loadings in bed 1 and 2 reach the same level, the two beds are interchanged with respect to regeneration and working cycle by closing and opening the respective valves [24] .
Figure 1.
The key part of the system is the sorption material which should have a high water loading lift in the ideal interval 0.05 < P•P 0 -1 < 0.35. Water is the working fluid of choice because of its high evaporation enthalpy (2440 kJ•kg -1 at 25 °C) and non-toxicity despite the need to work under vacuum because of the low vapor pressure of only 3.17 kPa at 25 °C [15, 25, 26] .
During the last years significant progress has been made in the development of MOF-based sorption materials [27] . Various materials, predominately of the MIL (Materials of Institute Lavoisier) family, have been investigated for water adsorption [28, 29] and also different strategies of tuning prototypical MOFs to enhance the water uptake have been examined [30, 31] . Long term and cycle measurements have been performed to ensure the required water stability [32, 33, 34] . Three of these MOFs, namely MIL-100(Fe,Cr) and MIL-101(Cr),
were selected for the present study due their good water sorption properties and stability [31, 35] .
MIL-100 {M 3 (µ 3 -O)(X)(H 2 O) 2 (BTC) 2 ·nH 2 O} n (M = Cr [36, 37] , Fe [38, 39, 40, 41] , respectively [33] . MOFs are typically obtained as crystalline fine powders, yet almost every application requires an appropriate shaping, e.g., monolithic structures, of the used materials without diminishing its useful properties [43, 44] .
Different strategies of shaping MOFs have been investigated so far [43, 45, 46] : One possibility is to press the material into tablets or pellets [47] . MOF-177 has been mechanical compressed to a monolithic structure, resulting in enhanced hydrogen storage capacity, but also leading to an amorphous material [48] . An alternative strategy is the preparation of pure MOF monoliths, although there are often difficulties in obtaining phase pure MOFs and retaining porositiy [49] . More studies have been performed on MOF composites where an organic or inorganic additive acts as binder to shape the material [17, 50, 51, 52, 53] . The resulting monoliths or membranes were tested for example in separation processes [54, 55] .
Aerogels are characterized by high porosity and high surface area as well as a low density and low thermal conductivity [56, 57] . To obtain an aerogel with these properties supercritical drying with CO 2 is a necessary step [56, 58] . Resorcinol-formaldehyde based gels can be dried under atmospheric conditions, if the ratio of resorcinol to basic catalyst is high enough leading to mechanically stable xerogels with negligible shrinking during the drying procedure [59] . In the following, the term xerogel is defined as subcritically dried and aerogel is used for supercritical dried materials. Easily obtainable resorcinol-formaldehyde aero-and xerogels are well investigated and can be tuned by several parameters. For example, the ratio of resorcinol and catalyst as well as the pH of the solution influences the properties of the gel material [60, 6162] . A major advantage, in terms of embedding porous materials, is the possibility of pre-polymerizing the polymer, which was reported first by Czakkel et al. [63] . By applying this method to MOF polymer composites, pore-blocking effects, which often occur in composite syntheses, could be avoided in order to retain the porous properties of the MOFs [43, 45, 53] .
In this work, we present for the first time the embedding of three different metal-organic frameworks (MIL-100(Fe, Cr) and MIL-101(Cr)) in resorcinol-formaldehyde xerogels and investigate the resulting monoliths for their porosity and water-sorption behavior. 
Experimental section

Materials and methods
All
Physical measurements
Powder X-ray diffraction (PXRD) diffractograms were obtained at ambient temperature on a Bruker D2 Phaser with a flat sample holder using Cu-Kα radiation (λ = 1.54182 Å). Fourier transform infrared spectra were done on a Bruker TENSOR 37 IR spectrometer at ambient temperature in a KBr disk in a range of 4000 to 500 cm 
Synthesis of native R,F-xerogel
The polycondensation reaction of resorcinol and formaldehyde is initiated by the basic catalyst Na 2 CO 3 , which first leads to deprotonation of the acidic phenol groups followed by addition of formaldehyde to the phenol ring. The formed hydroxymethyl functionalities (-CH 2 
Results and discussion
Native R,F-xerogel
Infrared data ( with other literature data [70] .
The porous nature of the xerogel is verified by N 2 sorption experiments (Fig. 4b ). The N 2 sorption isotherm exhibits a mixture of type II (macroporous) shape together with type IV (mesoporous) shape, due to the hysteresis between adsorption and desorption isotherm [71] .
The pore volume of 0.16 cm (Table 1) [60, 70, 72] .
Scanning electron microscopy (SEM) images displays the typical morphological surface known for resorcinol-formaldehyde xerogels with low catalytic Na 2 CO 3 concentrations (high resorcinol/Na 2 CO 3 molar ratios of R/C = 1000) (Fig. 4c) . The morphology can be described as interconnected colloidal-like particles, which do not possess porosity themselves, but generate porosity between the gaps of the particles [60, 70] .
Thermogravimetric analysis of the native xerogel shows a first mass loss of approximately 10 wt% up to temperature of 473 K, which can be assigned to the loss of physisorbed water (Fig. A.7a ). The R,F-xerogel is thermally stable up to 493 K. The first mass loss of 10 wt% of water together with the shape of its water adsorption isotherm, showing an almost linear rise of water vapor with a total water uptake of 0.10 g•g -1 at P•P 0 -1 = 0.9, indicates a hydrophilic character, which is comparable to silica gels (Fig. 4d , Table 1 ). 
Embedding MIL-100(Fe,Cr) and MIL-101(Cr) into R,F-xerogel monoliths
Monolithic composites, consisting of a metal-organic framework (e.g. MILs) and an organic polymer (e.g. R,F-xerogel), can be synthesized in two different ways: (i) The synthesized MIL powder can either be mixed together with the just prepared xerogel solution, followed by curing, washing and drying steps ('direct route').
(ii) The MIL can be synthesized in situ into the already cured, porous system of a R,F-xerogel monolith by impregnating it with the corresponding starting materials (metal source and linker) followed by an appropriate temperature program ('in-situ route'). Through the direct route the ratio of MIL and R,Fxerogel in the final monolithic product can easily be predetermined by varying the amount of MIL powder and xerogel solution, which is not that realizable in the in-situ route. A disadvantage of the direct route is that the micro-and mesopores of the MOF can be blocked by the monomers or oligomers of the xerogel precursors. This pore blocking is accompanied by a pronounced decrease of the total surface area of the monolith. In this paper, we describe how to avoid pore blocking by pre-polymerization of the xerogel solution, resulting in highly porous and therefore active monolithic MIL@xerogel composites through the direct route.
In a first experiment aimed to synthesize a highly porous composite, MIL-100(Cr) powder was mixed together with an excess of the just prepared R,F-xerogel solution without any prepolymerization. To maximize the amount of MIL in the monolithic composite, the powder was sedimented for one day followed by curing. After washing and drying steps the resulting monolith consisted of a brown bottom layer containing MIL and xerogel and a top brown layer, which represents the pure xerogel (Fig. A.8a ). Powder X-ray diffraction pattern and infrared spectrum reveal the unchanged presence of the MIL-100(Cr) phase in the composite material (Fig. A.8b-c were done according to the native R,F-xerogel synthesis yielding brown monoliths each with 11 wt% of MIL-100(Fe) (see supplementary data for details). X-ray diffraction patterns and infrared spectra prove the existence of MIL-100(Fe) in all three composites (Fig. A.12a-b) .
The weight-averaged estimated BET surface area of the composite would be •g -1 for 5 h (Fig. 5a ). Pore size distribution curves also confirm the increasing fraction of the MIL-100(Fe) micropores with elongation the pre-polymerization rate (Fig. 5b) . Representative scanning electron microscopy images of MIL-100(Fe)@xerogel (43 wt%) and MIL-101(Cr)@xerogel-H 2 O (77 wt%) (Fig. 6a-d) show the typical octahedral MIL morphologies with particle sizes between 2-5 μm for MIL-100(Fe) and 300-500 nm for MIL-101(Cr) in the composites [69, 73] . MIL octahedrons and xerogel substrate are well grown together to a physical mixture with the xerogel surrounding the MIL particles and with both components showing a reasonable adherence (Fig. 6) . The increasing amount of MIL octahedrons in the composites is obvious by comparing Table 1 ). The relevant comparison is to the estimated mass-weighted surface areas of bulk MIL and xerogel using Formula (I) from Table 1 ) than the estimated BET ( Subsequently addition of water also significantly increased the surface areas and total pore volumes in case of the 35, 46 and 50 wt% MIL-101(Cr)@xerogel-composites (Table 1) . Table 1 .
Pore size distribution curves of the bulk MILs, can be calculated from the nitrogen adsorption isotherms ( (Fig. A.16 ) [42] . Differences to the cage size from X-ray structure refinement was seen before can be explained by residual impurities of non-coordinated ligand and metal-ligand fragments inside the pores [74] .
Pore size distribution curves of the MIL@xerogel composites match those of the respective bulk MIL. Thus, from N 2 sorption isotherms, BET surface area and pore diameter distribution it is obvious that all monolithic composite materials largely retain the accessibility to the micro-and mesopores of the MIL. This is, however, only true for the materials based on prepolymerized xerogel solutions. In contrast, a MIL-100(Cr)@xerogel composite without any pre-polymerization of the xerogel solution, presents a material which appears non-porous or without any accessible porosity (Table 1, Other MOF composite materials show similar differences between experimental and estimated BET surface areas (Table 2) . HKUST-1, embedded in porous carbon monoliths achieves only 40% of the estimated BET surface areas [45] . Composites like UiO66@polyurethane or HKUST@HIPE reach about 60% of the calculated values [53, 75, 76] .
These values are comparable to our pre-polymerized MIL-100(M)@xerogel (M = Fe, Cr)
compounds. Yet, metal-organic frameworks in inorganic silica templates, such as HKUST-1 incorporated in silica aerogels or HKUST-1 in macro-/mesoporous silica match or even exceed the estimated BET values similar to the MIL-101(Cr)@xerogel composites with added water reported here [52, 58] . Table 2 .
In order to evaluate the monolithic composites as potential adsorbents for heat transformation applications, water sorption experiments were carried out to quantify their hydrophilic behavior. Water sorption isotherms of different MIL@xerogel materials are shown together with the adsorption isotherm of bulk MIL and R,F-xerogel (Fig. 8a-c) .
MIL-100@xerogel composites display the same stepwise adsorption isotherm, as for bulk MIL-100(M) (M = Fe, Cr) ( Fig. 8a-b, Fig. A.2b, Fig. A.4b ). This specific shape relates to the stepwise filling of the different MIL-100 cages. Mesopores larger than 20 Å (2 nm) for MIL-100(Cr)@xerogel samples probably influence the water adsorption characteristics of these composites (Table 1, Fig. 7 ).
Figure 8.
Water loading capacities at P•P 0 -1 = 0.9 of the MIL@xerogel compounds can be estimated (calculated) from the MIL wt% based on the water uptake of bulk MIL using formula (II) in Table 1 The 77 wt% loaded MIL-101(Cr)@xerogel-H 2 O matches or even slightly exceeds the estimated water uptake capacity as a result of the higher BET surface area ( Table 1) . As an indication of the hierarchical nature the 35 and 46 wt% MIL-101(Cr) composites achieve a near to maximum water loading already at P•P 0 -1 = 0.5 ( , corresponding to ~50% water uptake could be achieved at P•P 0 -1 = 0.5.
When calculating the water adsorption value relative to the surface area measured in the MIL@xerogel composite (last column in Table 1) 
Conclusion
We •g -1 [29, 42] . o in literature 1.0-1.5 g•g -1 [29, 41] . p The first value refers to the standard syntheses of MIL-101(Cr)@xerogel, the second value to the synthesis of MIL-101(Cr)@xerogel-H 2 O composites where additional water was used. 
